Selective laser sintering (SLS) is a process based on the principle of a locally confined energy input by a laser into a powder bed, producing highly complex parts without the use of moulds or any other tools. In order to ensure good results for the processing behaviour of a new material, the powder must perform well during the phase of feeding the material into the process chamber which majorly influences the quality of the spread of the powder into the part bed and thus the mechanical performance of the final parts. In the present study, the principle of modification of fine powders with flow agents is applied aiming to enable the use of powders for SLS which are otherwise unsuitable due to poor flowability. In addition, the influence of antistatic agent on the powder flow and processing behaviour is discussed. The additives are found to strongly improve the flow behaviour at already very small contents and thus allow for processing of the composite material. The development of determining factors shares insight into the mechanisms of dry particle coating and its implementation into a growing market of material development.
Introduction
An increasing demand for geometrical complexity and the trend to shorter life-cycles of plastic products lead to rising expectations concerning the flexibility and efficiency of production processes. With almost unlimited freedom of shaping, additive manufacturing (AM) technologies offer innovative perspectives for the realisation of complex designs of engineering parts. In the past, the manufacturing of prototypes was the most typical application of AM, aiding in avoiding mistakes during product development and shortening the time-to-market. Since then, increasing use of direct manufacturing of parts for end-user applications, for example, dental technology and hearing aids, was established [1] [2] [3] . Following this trend, prospects of further establishment of AM grow as increasing technological advancement is achieved. While new possibilities for the AM of polymer parts for the medical, aerospace, and automotive industries are revealed, an increasing share of all additively manufactured parts is used as functional components [2] . In particular, with respect to the possible mechanical properties, selective laser sintering (SLS) offers a vast potential for possible applications in resourceefficient serial manufacturing of plastic parts [3, 4] .
The SLS process is based on the principle of a locally confined energy input by a laser into a powder part bed, producing highly complex parts layer-by-layer without the use of moulds or any other tools for shaping the geometry. Figure 1 shows a schematic of the SLS setup, which basically comprises the part bed on a movable platform, a CO 2 laser, and a powder feed system combined with a coating mechanism, typically a roller or a blade. Before starting the process, a threedimensional CAD model is virtually sliced into layers of a thickness of typically 0.1 mm. The data of each layer contains the geometrical information along which the laser scans the respective cross section of the part. Following the exposure of a layer, the part bed is retracted by the set layer thickness. The resulting free volume is then filled with new powder from the material feed by the coating mechanism. Before the next exposure phase is initiated, the surface of the part bed is reheated to a defined temperature close to the melting point well above the crystallisation temperature of the polymer material in order to avoid uncontrolled crystallisation and thus warping or deformation of the unfinished parts. The three process steps are repeated until the whole part is completed in this layerwise additive manner. To finish the build, the part chamber is slowly cooled down in order to allow solidification of the manufactured parts before they can be extracted from the surrounding powder [5] . Across all techniques of additive manufacturing, the limited choice of different materials is considered a major restricting factor [1, 2, 6] . The dominant market position of PA 12 for SLS is generally attributed to a small range of alternative materials and inferior properties especially for technical applications [7, 8] . In the past, there was much potential for improvement on PA 12 based SLS materials [9] with much effort put into research on ageing and regeneration strategies [10, 11] as well as the modification with fillers with an eye on new and specialised fields of applications [1, [12] [13] [14] . At present, however, fewer possibilities for further improvement of PA 12 part quality are left to material development. However, as recently great progress is made on the basic understanding on the very foundations of the material behaviour during the sintering subprocesses [3, [15] [16] [17] [18] [19] , new chances arise for specific development of new materials based on various approaches such as addition of fillers or additives [12] [13] [14] or copolymerisation and blending with other polymers [1, 20] . This results in an increased motivation for research on other polymers or polymer combinations, respectively. The introduction of new material choices for laser sintering to the market is believed to inspire the adaption of SLS to new applications and further establishing additive manufacturing technologies for serial manufacturing [1, 2] . Many approaches for new materials are based on polymer powders from cryogenic grinding because of the possibility to adjust the composition in a foregoing compounding step. These powders are commonly defined by a rough and irregular shape due to the brittle fraction at low temperatures during the grinding process. Along with the dimensional characteristics of the ground powder, poor flowability and a low bulk density are generally observed which results in a bad processing behaviour especially considering the powder coating phase during the generation of a new layer in the SLS process [8, 21] . This step is of paramount importance for the resulting part density and thus the mechanical properties of the final parts [22] . In order to improve the flow properties inorganic powder additives, the so-called flow agents, with particle sizes typically below 1 m, can be added. According to the existing models, these flow agents, typically consisting of fumed silica, glassy oxides, metallic stearates, or fluoroplastics [23, 24] By reducing the contact area between the large particles, the interparticular adhesion decreases, which enables less restricted movement of the particles relative to one another [25, 26] . As a consequence, a more smooth powder flow can be observed. Popular applications of flow agents concern pharmaceutical products, the food industry, for example, spices, and other finely powdered bulk goods [27] .
Plastics are typically electrically insulating materials. Antistatic agents find use in plastics to eliminate static charge which can facilitate several aspects of handling and processing [28] . In polyolefins ethoxylated alkylamines and fatty acid esters often find use with typical contents of 0.05 to 1.5%, but more commonly below 0.5%, however, depending strongly on the total formulation and the type of application for the material [28, 29] . These types of antistatic agents are partly polar and partly nonpolar. The polar group is chosen for its affinity to water. Due to the only partial compatibility with the polyolefin, the antistatic agent slowly migrates to the surface and forms a moist, electrically conductive surface layer with adsorbed water which allows surface charge to drain [28] .
In the context of the present study, the improvement of the flow properties is demonstrated on the example of commercially available granular polypropylene (PP). Fiedler et al. already discussed the general processability for different PP grades, however, stating the need for adequate modification of the materials in order to reach satisfying results for the resulting part quality [31] . By the formation of composite particles, it is shown how the flow properties of polymer powders from cryogenic grinding can be modified in order to enable the use of previously unsuitable powders for SLS. Secondly, the influence of antistatic agent on the powder flow and processing behaviour will be discussed. Industries N.V., are used. The polymer grades with high melt fluidity are originally designed for thin-walled applications in injection moulding with a high stiffness and good impact resistance. Both types have a density of 0.9 g/cm 3 and are selected because of a suitable thermal behaviour with a large difference between melting point and crystallisation peak temperature . The two Moplen types share the same base polymer. However, the type EP548V contains the antistatic agent glycerol monostearate and nucleating agent. While the content of antistatic agent is considered to potentially improve the flow behaviour due to decreased surface charging, the influence of nucleating agent on the process stability during SLS also has to be investigated.
After grinding, the polymer powders are modified through addition of the flow agent Aerosil R8200, Evonik Industries AG, which consists of very fine particles of hydrophobic fumed silica with diameters in the nanometre range. It is selected for the present study due to its nonpolar nature, which provides good compatibility with the also nonpolar PP.
Preparation of the Polymer Powders.
The commercial polymer granules for injection moulding are transformed into a powder by means of cryogenic grinding. A high performance pin mill C160, Hosokawa Alpine AG, is applied with liquid nitrogen as coolant. The ground powder is sieved with a mesh width of 200 m in order to remove coarse particles. As reported by Shi et al. [32] , the particle size affects both the precision and the density of the resulting SLS parts. The influence of different particle sizes and size distributions, respectively, is, however, not the topic of this study.
The particles of the ground PP are modified by mixing with 0.1 wt% of the inorganic flow agent Aerosil R8200. Ruppel [25] and Blümel [33] showed on the example of various combinations of powders and flow agents that the parameters mixing time, type of mixer, and energy input during mixing can have a strong influence on the quality of the formed composite particles. In the present study, the polymer powder and flow agent are mixed at static conditions in a universal mixer Standmischer MP, Somakon Verfahrenstechnik UG, Lünen, for 20 min at 250 rpm.
Characterisation and Analysis.
Differential scanning calorimetry (DSC) is run according to ISO 11357 on a TA Instruments Q 1000 TMDSC. Heating and cooling rates are set to 10 K/min. The weight of the DSC samples is between 3 and 5 mg.
The numerical particle size distribution (PSD) of the ground polymer powders is determined via automated static image analysis using a Malvern Instruments Morphologi G3.
The powder samples are also examined using a scanning electron microscope (SEM) Zeiss Ultra Plus with a field emission source and an acceleration of 2 kV. For the topographic imaging of the particles, secondary electrons are detected.
Prior to the examination in the SEM, the powder samples are sputter-coated with platinum/gold.
The respective flowability values of the raw and modified powder samples are measured with the funnel method according to ISO 6186. The flow times are determined by running samples of 150 g (±1 g) of polymer powder at diameters of 25 mm, 15 mm, and 10 mm for the opening at the bottom of the funnel. The bulk density of the powder is determined according to ISO 60. The powder flow characteristics are analysed in order to estimate whether a homogeneous powder layer can be realised during the SLS coating phase. An increase in the bulk density is considered to decrease the porosity and thus to directly improve the mechanical properties of the resulting laser sintered parts.
Laser Sintering Trials.
Both the unmodified and the modified powder materials are characterised within the SLS process. As a first measure of the general process behaviour of the different powders, the spreading of the powder during the coating phase and the quality of the resulting part bed surface are closely observed. The evaluation of a new material has to include also a parameter study of the SLS process. In this study, a commercial SLS system DTM Sinterstation 2000, 3D Systems, is used. The processing behaviour and resulting part properties in SLS not only are material dependent but also vary strongly with processing conditions [34] . Values for laser power and scan speed are varied throughout the experiments in order to ascertain stable process conditions. The limits of the variation for the respective parameters are given in Table 1 . In order to increase the process stability, a scan count of 2 is applied. The choice for a double scan count is based on previous findings of Goodridge et al. [35] . During laser sintering studies on polyethylene, they noted that using a double scan count the energy is delivered in a more gradual manner into each layer which causes a less drastic reaction of the material. As a result, a greater definition of the parts and significantly less shrinkage and curling, respectively, are observed. While the double scan count is thus able to considerably increase the process stability, it is also important to note that the exposure of each cross section takes twice as long as it normally would. A simple slice fill strategy in uniaxial direction without the additional application of an outline scan is used for the manufacturing of the test specimens in order to selectively determine the influence of the variation of the energy input on the resulting part properties. The roller speed is kept constant at 177 mm/s, as well as the hatch distance, that is, the distance between two adjacent scan traces, of 0.15 mm. The layer thickness is set to 0.15 mm due to a significant content of particles larger than 100 m.
Before starting the variation for the laser scanning parameters, a suitable part bed temperature is determined. From previous experiments with other PP types, a temperature between 150 ∘ C and 160 ∘ C is estimated for the Moplen EP600V powder. The optimal setting is then determined at 156 ∘ C as a compromise between uniform powder flow, a resulting smooth part bed, and the suppression of curling. Subsequently, rectangular samples of (40 mm × 10 mm × 4 mm) are fabricated upon variation of the laser parameters power and scan speed. After inspection of the part quality, 
Results and Discussion

Characterisation of the Powder.
The DSC measurements of the PP granules and the cryogenically ground powder are presented in Figure 3 . Both materials, Moplen EP600V and EP548V, exhibit a similar melting behaviour with a common peak maximum at 165 ∘ C. This is not surprising as the base polymer is the same. The crystallisation behaviour of EP548V, however, seems to be affected by the content of nucleating agent. Compared to EP600V, the onset of crystallisation is shifted slightly towards higher temperatures and the peak in general is slightly broadened and exhibits a pronounced shoulder. Nevertheless, despite being smaller than for EP600V, the difference between melting and crystallisation can be considered large enough for processing the powder in SLS. The DSC curves show only little effect of the cryogenic grinding on the thermal behaviour of the material. Only the shape of the crystallisation peak of Moplen EP548V changes as the peak maximum shifts from 128 ∘ C to about 123 ∘ C. The peak onset of the crystallisation, however, remains unchanged. The addition of 0.1 wt% of Aerosil R8200 showed no effect on the thermal behaviour of the samples.
The particle size distribution of the raw powder is determined after cryogenic grinding. After the sieving step, roughly 90% of the particles are smaller than 100 m. SEM images of the raw powders are presented in Figure 4 . As expected, the particles have a rough and irregular, that is, aspherical, shape due to the brittle fraction at the low process temperature. The raw ground powder also contains large particles and filament-like impurities, which are removed in the sieving step. The results of the powder flow tests are shown in Figure 5 . For the sieved raw powder, a measurement of the flow time at an opening of = 25 mm yields a duration of about 8 s for the Moplen EP600V. With less than 6 s, the flow time for the EP548V is much shorter, which can be attributed to the content of antistatic agent. Also, in contrast to the EP600V, a clean flow through the funnel is observed during the testing of the flow properties of EP548V with only little residue remaining in the test setup as electrostatic charging of the particles is prevented. For the smaller diameters of 15 and 10 mm, respectively, no powder flow is detected for either material. Upon modification of EP600V through addition of 0.1 wt% Aerosil R8200, the pourability improves. A decrease in flow time (at 25 mm) to just over 5 s is observed. Also, after the addition of the flow agent, the powder pours through the funnel at the smallest diameter (10 mm), which further shows improved flow behaviour. In accordance with these observations of the flow behaviour, the bulk density increases for both materials from about 0.33 g/cm 3 to well over 0.35 g/cm 3 . Figure 6 shows SEM images of particle surfaces of Moplen EP548V before and after dry particle coating with 0.1 wt% of Aerosil R8200. Comparing the two images, the adsorbed particles of the flow agent are clearly visible as bright spots on the surface. The pictures indicate that the small amount of the nanoscaled flow agent is evenly spread across the surface of the much larger polymer particle. Relating to the measurements of the flow behaviour, it can be noted that only a small fraction of the surface needs to be covered in order to greatly enhance the flow properties. As the particleparticle adhesion is reduced, the resistance to flow decreases and the funnel empties more quickly. Likewise, the powder can reach more dense packing within the bulk if they can pass by one another with less adhesive interaction retarding the 2 m 2 m Figure 6 : SEM images of the surface of the polymer particles (Moplen EP548V) before and after dry particle coating with 0.1 wt% of Aerosil R8200.
movement of the individual particles. Thus, the reduced flow time and increased bulk density can be attributed directly to the improved flow. Considering the findings by Ruppel [25] , however, the flow behaviour depends not only on the size and number of the adsorbates on the surface of the polymer, but also on their three-dimensional shape, which unfortunately is not accessible from SEM. According to Ruppel, the shape is strongly determined by the conditions during the dry particle coating process, in particular the mixing time, which is not varied during this study.
Laser Sintering Studies.
As already noted for the flowability tests, in comparison to the EP600V, the content of antistatic agent improves the behaviour of the EP548V powder. Generally, the powder handling is facilitated and during the SLS process less powder sticks to the coating mechanism due to electrostatic charging of the polymer particles. However, in accordance with observations by Goodridge et al. [8] , both cryogenically ground polymer powders exhibit an unfavourable coating behaviour due to the insufficient flowability. Attempts to use the raw material for SLS without further modification lead to a failure of the process. Because the powder does not flow freely in front of the roller during the coating phase, there is a strong mechanical interaction between the powder and the melt pool of the previously exposed layer. This causes the unfinished parts to be pushed out of their original position within the part bed. After the addition of 0.1 wt% of Aerosil R8200, however, the processing behaviour greatly improves. Only due to the increased flowability of the polymer powder is the manufacturing of parts possible and tensile bars can be produced with both PP powder materials. Notably, after the exposure, the surface of the resulting melt pools exhibits a plain and glossy surface, unseen for the processing of typical PA 12 materials. Also, the melt is completely transparent and the powder surface below the exposed volume is clearly visible. Figure 7 shows a photograph of test geometries within the part bed during the phase of geometry exposure. During the studies, the powders show good suitability for reuse, with flow properties and melting behaviour remaining nearly constant over the course of several processing cycles.
Part Characterisation.
The manufactured test bars have a smooth surface. The contours are clear and the edges are formed properly. A difference between the different levels of energy density is hardly noticeable. The contours appear to be slightly sharper for the lower energy density. This could be explained by a higher intermediate temperature of the melt pool for the higher laser power and consequently surrounding powder particles attaching to the part's surface due to heat conduction and partial melting of the surrounding particles. The difference in the appearance, however, is very small. Figure 8 provides information on the accuracy of the parts manufactured with Moplen EP600V and EP548V, respectively. No scaling factors were applied upon the manufacturing of the parts. The parts show an overall tendency for oversize. The difference between the two materials and for different laser parameters is only marginal. It is important to note that the exposed geometry contracts upon cooling and crystallisation of the parts. Therefore, undersize would be a natural phenomenon, which in practice is usually compensated by the application of scaling factors on the respective CAD file [36, 37] . The oversize of the parts can probably be explained by the end-of-vector effect [15] which can cause heat accumulations at the edges of the samples and thus partial melting of the surrounding powder particles.
The results from tensile tests on the laser sintered test specimens are summarised in Figure 9 . Within the investigations, higher values for tensile strength and elongation at break were obtained for EP548V than for EP600V while for both materials a slight indication of increasing tensile strength is observed for a higher energy input. However, the test specimens manufactured with EP600V show that the total energy input appears not to be the only determining factor as the course is less clear in that case. The overall increase of the tensile strength with increasing energy input indicates that despite an almost similar outward appearance 20 mm Figure 7 : View into the process chamber while processing Moplen EP548V + 0.1 wt% of Aerosil R8200. and dimensional accuracy, the lower energy density causes the polymer particles to melt insufficiently. As a result, the parts' inner coherence is lower. A further increase of the laser power could possibly increase the degree of particle melt, as is noted for PA 12 [38] ; however, dimensional accuracy tends to decrease at the same time. The results also indicate that with an increase of the energy input an improvement of the tensile strength and Young's modulus is achieved. However, at the same time, the elongation at break decreases slightly. While EP548V again yielded higher values for the elongation at break than EP600V, Young's modulus tends to be somewhat lower. Throughout the parameter variation, the elongation at break remained fairly constant around 1%. Higher values could not be reached during the investigations. This brittle behaviour is rather untypical for injection moulded PP parts. In the case of PA 12, the brittle behaviour is overall attributed to the higher porosity (typically 3 to 5%) compared to injection moulded parts [21, 39] . Figure 10 shows a thin-layer microscopic image of a laser sintered part manufactured from EP600V with an energy density of 0.04 J/mm 2 . In the image, the lines of the individual layers are visible and a relatively high porosity is noted. Although no quantitative evaluation of the porosity can be derived from the microscopic images, the high porosity appears to be the reason for the brittle behaviour as a high part porosity usually implies inferior mechanical properties. The image also suggests incomplete melting of the particles, which could also affect the part mechanics. A quantification of the content of unmolten particles in correlation with the process parameters could be the subject of future investigations.
Conclusions
Modifying thermoplastic polymer powders with flow agents via dry particle coating proves to be a potent method for improving the process behaviour in SLS. In contrast to assumptions published previously in [21] , the addition of flow agents appears to be especially effective for cryogenically ground polymer powders, which inherently exhibit a rather poor flowability. While the good impact resistance of the PP grades selected for the present study is ultimately a desirable property for the resulting SLS parts, it proves to be problematic during the pulverisation of the granules via cryogenic grinding. The high toughness is assumed to be the reason for a relatively high mean particles size of the ground polymer powder in spite of the very low temperatures during grinding. Also, problems still arise considering the realisation of the favourable impact properties for the SLS parts. With values for the elongation at break around 1%, there is still potential for improvement. In fact, the improvement of the rather brittle behaviour of laser sintered PP parts is one of the key topics of ongoing research. Current research approaches this problem through copolymerisation. In this way, values for the elongation at break as high as 200% have been achieved recently for a PP based material [21] , however, at the cost of much lower Young's modulus and a substantially higher price.
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The results from the sintering studies reveal a range of stable processing parameters and show potential for possible further improvement of the part characteristics. While the content of antistatic agent shows a great improvement in general powder handling, no significant change in the coating behaviour during SLS can be determined while using a roller. The strength of this approach surely lies in less particles sticking to the coating system, which could prove especially strong when using a blade-based mechanism, as particle accumulations at the blade's edges due to electrostatic charging can cause severe problems for the SLS process. Using a roller, however, it does not reveal considerable differences for the process.
Lastly, the effect of the antistatic agent appears to be superimposed by the flow agent. Despite being initially quite different considering flowability and electrostatic charging, the two Moplen powders show a very similar behaviour after addition of the flow agent. Because the particles of the two materials are of similar density, the flow behaviour of the composite particles is apparently determined mainly by the surface properties. Although the addition of the flow agent increases electrostatic charging of the powder, it also greatly improves the flow behaviour of both investigated PP grades enabling them for use as cheap materials for SLS.
